The extraction and measurement of adenosine triphosphate from marine sediments 1 Abstract-A technique has been developed, using boiling sodium bicarbonate buffer, to extract adenosine triphosphate (ATP) from marine sediments and has been tested on a variety of sediments, including those with high organic content, clay, and carbonate. Recovery of ATP, as measured by the addition of bacteria of known ATP content to sediment, varied from 64--100%. The technique also was as effective as the conventional Tris buffer for extraction of ATP from both pure cultures of bacteria grown in broth and natural seawater samples.
Be'cause of their small size and adsorptive characteristics, microorganisms in natural waters, soil, and sediments are not separated readily from the material in or on which they grow. Since culture techniques are selective and underestimate the number of cells present, the procedure of Holm-Hansen and Booth (1966) for extraction and measurement of ATP from marine waters, as a means of measuring biomass in situ, has been of great interest to microbial ecologists. Holm-Hansen and Booth ( 1966) found a ratio of cellular carbon to ATP of about 250: 1 for a wide variety of microorganisms. Techniques have been developed for the extraction of ATP from freshwater sediments (Lee et al. 197la, b) , soils ( Doxtader 1969) , and fresh waters. Karl and LaRock ( 197 4) adapted the sulfuric acid extraction method, used for freshwater sediments and some terrestrial soil systems, to noncalcareous marine sediments and sands, while Ernst and Goerke ( 1974) adapted the Tris buffer technique to marine sediments.
Our study was undertaken to develop an ATP extraction procedure that could be used for all types of marine sediments and that would be simple, rapid, and reliable.
Clay, calcareous, and mangrove-litter sediments and pure cultures were examined by the following A TP extraction methods.
Boiling Tris-A mixture containing 4 ml of Tris (0.02 M, pH 7.8) + 1 ml of sediment sample was boiled for 1-3 min and diluted. The final volume was dependent on the concentration of A TP extracted (Holm-Hansen and Booth 1966) .
H2S0 4 -Sediment samples of 1 ml were added to 0.6 N H 2S04 ( 1, 2, or 4 ml) on ice and mixed with a vortex stirrer. The extract was adjusted to pH 7.8, processed Notes through a cation exchange resin, and diluted to the desired volume (1 : 30) by the method of Lee et al. ( 1911a) .
Octanol-butanol-Sediment samples were extracted with octanol-butanol (Sparrow and Doxtader 1973) .
HCZ0 4 -Cold HC104 was used to extract sediments (Chapman et al. 1971) .
NaHC03-Boiling 0.1 M NaHC03 (4, 8, 12, 16, 20, 24, or 32 ml) adjusted to pH 8.5 was added to 1-ml samples being mixed with a vortex stirrer. During a 30-s extraction period the sample was mixed two more times and then centrifuged in the cold at 19,000 X g for 10 min. The supernatant was diluted with 0.1 M Tris buffer, pH 7.8, to a final NaHC03 : Tris ratio of 2.3. With the sediments thus buffered further adjustments of the pH of individual samples was unnecessary.
Immediately after dilution all samples were either processed or stored at -20°C.
Pure cultures of marine culture 1309 (a marine Vibrio sp. isolated by W. S. Sottil~) and Enterobacter aerogenes were grown in 100 ml of artificial seawater (Lyman and Fleming 1940) For the other extraction procedures, standard ATP curves were made using the same diluent as for sediment samples.
When we attempted to extract ATP from sediments by the various techniques listed above, we found that Tris buffer, octanolbutanol, and cold HC104 extractions gave poor recoveries ( <65%). The sulfuric acid extraction yielded the highest ATP concentrations. However, because H 2S04 extraction resulted in the production of H 2S and soluble sesqui-oxides, it was necessary to pass the extract through a cation exchange resin (Lee et al. 197la ). This was a time consuming additional step which lost about 25% of the ATP in the sample. Furthermore, extraction efficiency varied greatly from sample to sample.
Extraction with boiling NaHC04 gave as much ATP as H 2S04 and sometimes significantly more. There was little sample-tosample variability, and manipulation was minimal. We initially used this technique with Sapelo Island, Georgia, salt marsh sediments and later tested a variety of sediment types. There are three major sources of error in the extraction of A TP from sediments: all of the ATP may not be extracted; some of it may be degraded during extraction; the extract itself may contain factors that interfere with the luciferin-luciferase assay system. The quantity of A TP extracted from sediment was affected significantly by the volume of boiling NaHC03 solution (extractant) used and by the subsequent dilution with Tris buffer-NaHC03 (Tables 1  and 2 ). Generally, 16-20 ml of extractant added to about 1 ml of sediment yielded the most ATP. The effect of dilution varied; it was not related simply to the total dilution of the sample (Table 1 ). All combinations of extractant and dilution gave significantly different results above 0.025 confidence level, although there was considerable overlap in the total dilution of the sediment. However, sample-to-sample variation at fixed extraction and dilution volumes was ±10%. For our standard protocol we chose conditions that gave us generally the highest ATP concentration: 16 ml of extractant diluted to 40 ml with Tris bufferNaHC03, to yield a NaHC03 : Tris ratio of 2: 3. We have tried to maximize the absolute concentration of A TP extracted, but we can never know if we have extracted all of the ATP from a sample. However, the recovery of ATP from a known mass of added bacteria is a good indicator of recovery efficiency.
A TP recoveries with respect to extraction and dilution volumes are presented in Table 3. By changing the extractant volumes, we obtained values consistently above 64%. Variations in the concentrations of ATP are probably caused by relatively large but infrequently encountered organisms in the sediment.
The extraction period also affected recovery. A 30-s period was superior to 3 min for both clay and calcareous sediments (Ta- ice there was no detectable loss of ATP. Some degradation of A TP may take place during extraction but recoveries were consistently ±10%, even though the time processing began varied from sample to sample over a range of about 10 min. The potential interference of the extract to the luciferinluciferase assay is accounted for by the' dilution factor used in the recovery experiments. When sediments with bacterial cells added are used to determine the percentage recovery to reduce variability, it is important that the ratio of sediment ATP to added cell ATP be about 1: 1 (data not shown). This procedure also serves as a further check for extract effects on the luciferin-luciferase reaction.
Since the population composition of natural samples is not likely to be known, we decided to standardize ATP concentrations for biomass estimates in terms of a pure culture. We selected E. aerogenes because it has a long, stable, stationary phase over which the ATP content remains relatively constant and had been used by Lee et al. ( 197lb) in studies of A TP extraction techniques. Optical density ( OD), A TP, cell numbers, and cell volumes were· measured over the growth cycle (Table 5) . During the stationary phase OD was constant while cell numbers decreased. Cell volumes, es- timated mathematically, decreased throughout the growth cycle; ATP concentration was maximal in midlogarithmic phase growth. We also examined an isolate from marine sediment, 1309 (Table 6 ). The carbon content of the cells was calculated from numbers and average volumes, assuming that 10% of cell weight was carbon and that the specific gravity was 1. The carbon content of nonviable cells produced between the time numbers were maximum in the logarithmic phase and the stationary phase was calculated by measuring the difference in total numbers for the two times. The weight of carbon in the non- (Table 7) . Total carbon as measured before would overestimate the carbon in viable cells by 55.19 p,g ml-1 for E. aerogenes and 182.05 p,g ml-1 for marine isolate 1309. By addition of nonviable to viable cell carbon, carbon : ATP ratios become 132 : 1 and 292 : 1. Although boiling Tris buffer, H 2S04 , and NaHC03 solutions extracted equivalent amounts of A TP from pure cultures of bacteria, for marine sediments, boiling 0.1 M NaHC03 was substantially more effective than Tris buffer, simpler to use, and less variable in recovery than H 2S04 • The H 2S04 procedure required ion-exchange treatment before ATP assay and could not be used with calcareous sediments because of the carbonate buffering.
Unlike Ernst and Goerke ( 197 4) , we found that the Tris buffer extraction yielded very low recoveries. They used a 10-s incubation at 100°C for their extraction and this may account for their success with the technique. However, they did not measure the ATP in the supernatant but adsorbed it on a mixture of sediment and calcium carbonate and then measured ATP by adding this mixture to luciferin-luciferase. Pamatmat and Skjoldal ( 1974) also used Tris buffer for ATP extraction from sediments, boiling for 1 to 1.5 min and then centrifuging. They measured A TP in the centrifugate but did not report data on recovery or the effects of different dilutions.
Recovery of ATP from sediment by the NaHC03 procedure was maximal in 30-s extraction; this period was chosen for our (non viable) carbon Cpg/ml) Booth ( 1966) showed that A TP can be extracted from water by boiling for 5 min in Tris buffer, and we found that boiling in NaHC03 for up to 10 min did not reduce ATP recovered from pure cultures.
In our initial work we used 4 ml of extractant. However, subsequent experiments showed that maximum A TP concentrations were extracted with 16-20 ml of 0.1 M Na-HC03; we chose the former volume for later work because of ease of handling, particularly in vortex mixing. Lee et al. ( 1971a) found that the quantity of ATP measured was related to the total dilution of the sample; they suggested that there were interfering materials in the extract whose effects could be diluted out (see Table 1 ) . We found similar effects with dilution of our extracts, but whatever the effect on the ATP or luciferin-luciferase, recovery was not a simple function of the total dilution of the sediment. Interaction between the extractant and different properties of the individual sediments (e.g. pH, sediment type, structure, etc.) must affect recovery. The working system we chose for the Sapelo Island clay sediments comprised 16 ml of 0.1 M NaHC03 extractant subsequently diluted to 40 ml with 0.1 M Tris buffer (pH 7.8). This eliminated making a final pH adjustment before analysis. Because recovery of A TP appears to be a function of sediment type, ATP concentra-tion, volume of extractant, and final dilution, we suggest that preliminary experiments be conducted to determine the optimum procedure for each sediment.
Various procedures have been used to examine the conditions affecting recovery of ATP from sediments. Ausmus ( 1973) reported about 100% recovery from soils; the A TP was added directly to predried soil. Karl and LaRock ( 197 4) reported recoveries of 45-100% with an EDTA-treated acid extraction procedure. Addition of known amounts of A TP to an acid/EDT A mixture in the presence of glass beads was used to determine residual interference by cations and the recovery of ATP. Lee et al. ( 197la, b) got a 63% recovery of ATP using sulfuric acid extraction and treatment with a cation exchange resin. Recovery was determined by addition of known quantities of ATP to raw and presterilized soils.
We felt that addition of ATP as living bacteria to natural substrates before extraction more closely approximated natural conditions, although we recognize that not all organisms may be extracted with equal efficiency. Some sample-to-sample variability in sediment replicates is no doubt due to the inhomogeneity of the suspended organisms in distribution and in size. We suggest that the ratio of bacterial ATP added: sediment ATP should also be determined for each sediment type, since we cannot predict what interactions occur.
The question of the appropriate C : A TP ratio to be used for calculating biomass has been the subject of several papers. HolmHansen and Booth ( 1966) , Holm-Hansen ( 1969) , and Ausmus ( 1973) have suggested that it is about 250 : 1. However, there is abundant evidence that this ratio varies with the growth phase for pure cultures of bacteria. Our results agree with those of Kao et al. ( 1973) , that as cultures approach the stationary phase of growth A TP concentration decreases simultaneously with cell numbers. The C : A TP ratios varied greatly during growth of E. aerogenes and 1309, as in work by Forrest ( 1965) and Lee et al. ( 197lb) . Falsely high ratios would be inherent if conventional dry weight analysis were used, particularly during the stationary phase where nonviable cells and cell fragments are present. We have chosen to count cells microscopically and calculate the carbon content from the volumes. Table 7 shows that a total carbon measurement in stationary phase would produce an overestimate of 55.19' p.,g ml-1 for E. aerogenes and 182.05 p.,g mi-1 for culture 1309. The C: ATP ratios would then become 132 : 1 and 292 : 1, closer to the 250 : 1 ratio (Holm-Hansen and Booth 1966). The 132 : 1 ratio for E. aerogenes is similar to those given by Harrison and Maitra ( 1969) and Strange et al. ( 1963) ; comparable data are not available for culture 1309. Christian et al. (1975) used C: ATP ratios of 100: 1 and 250 : 1 to estimate the possible range of living biomass.
